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The Establishment of Sister Chromatid Cohesion
Sister chromatid cohesion is mediated by a conserved
complex, called cohesin, which in budding yeast is com-
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posed of the Scc1/Mcd1 (henceforth Scc1), Scc3, Smc1,and Kidney Diseases
and Smc3 proteins (for review, see Hirano, 2000). Homo-National Institutes of Health
logs of these proteins are found in all eukaryotic organ-Bethesda, Maryland 20892
isms examined thus far. In vertebrates, two cohesin
complexes exist that differ in their Scc3-like subunits.
Whether these two complexes have different functionsDuring cell division, daughter cells must receive one
is currently unknown. Binding of the cohesin complexand only one copy of each and every chromosome. To
to discrete chromosomal regions occurs prior to Saccomplish this, a cell has to not only duplicate each
phase, and the establishment of cohesion between thechromosome, but it must also recognize that the dupli-
sister chromatids occurs at the time of DNA replication.cated products are identical, i.e., sister chromatids, and
Cohesion establishment requires the Ctf7/Eco1 proteinsegregate them to the two daughter cells. Segregation
(henceforth Ctf7) (Skibbens et al., 1999; Toth et al., 1999),itself is achieved by the bipolar spindle apparatus, which
as well as several DNA-replication-related proteins (seebinds each chromosome at its kinetochore and pulls
below). How Ctf7 converts the prereplication, intrachro-the bound chromosomes toward one of the two spindle
mosomal associations of the cohesin complex to inter-poles. But what is the mechanism that identifies two
chromosomal attachments is not known, but it appearschromosomes as being sister chromatids?
that DNA replication is an integral part of the process.Following DNA replication, sister chromatids are
Mutations in several replication-related proteins ex-
attached to each other along their entire length, with
hibit defects in sister chromatid cohesion. One such
a high degree of cohesion at centromeric regions. In
protein is the budding yeast Trf4, which was recently
budding yeast, cohesion sites on chromosome arms
identified as DNA polymerase  (Pol ) (Wang et al.,
are usually intragenic, about 1 kb in length, spaced, on
2000). Pol  belongs to the DNA polymerase  family
average, 10 kb apart, and tend to be AT rich. Cohesion
that is involved in repair synthesis. It was therefore sug-
between sister chromatids enables the cell to maintain gested that Pol  is a specialized polymerase required
the identity of chromatids as sisters, and possibly align for DNA synthesis through regions of prereplication
kinetochores of sister chromatids in a way that facilitates cohesin complex binding (Wang et al., 2000). In addition,
binding of microtubules from opposite spindle poles. two groups have recently identified in budding yeast
In addition, sister chromatid cohesion counteracts the an alternative form of replication factor C (RF-C), the
pulling forces of the spindle, thereby generating tension absence of which results in cohesion defects (Hanna et
across the kinetochores and signaling the formation of al., 2001; Mayer et al., 2001). The known function of RF-C
stable bipolar attachments. Cells defective in sister type complexes is to load a processivity factor (e.g.,
chromatid cohesion exhibit a high rate of chromosome PCNA) onto the DNA. The processivity factor, named
loss; the complete obliteration of cohesion results in cell from its structure as a sliding clamp, clamps the DNA
death. Several yeast cohesion mutants exhibit a delay polymerase onto its template. The replicative RF-C is
in the onset of anaphase (Hanna et al., 2001; Skibbens involved in switching between DNA polymerases during
et al., 1999). While this could be a consequence of the lagging strand DNA synthesis. In the cohesion-related
lack of tension between the two sister chromatids, it is RF-C form (henceforth RF-Ccohesion), the Rfc1 subunit of
also possible that cohesion contributes to the proper the replicative RF-C is replaced by the Ctf8, Ctf18, and
architecture and function of the kinetochore. Dcc1 proteins (Mayer et al., 2001). Although none of
Equally important to the establishment of cohesion is these three proteins are essential for viability, mutations
its subsequent dissolution; both premature sister chro- in any one of them lead to premature sister chromatid
matid separation and the inability to separate sister separation, a high rate of chromosome loss, and cell
chromatids in a timely fashion can lead to gross chromo- deaths when combined with mutations in known cohe-
somal imbalances upon cell division. Thus, the estab- sion components (Hanna et al., 2001; Mayer et al., 2001).
lishment of cohesion and the regulation of its dissolution How might DNA synthesis promote sister chromatid
are the essence of faithful transmission of genetic mate- cohesion? Although an interaction between RF-Ccohesion
rial from one generation to the next. Discussed here are and Pol  has not been demonstrated, it is tempting
recent findings regarding some of the main players in to speculate that cohesion establishment is associated
this saga: the cohesin complex, the building block of with this specialized DNA polymerase (Figure 1). Ac-
sister chromatid cohesion; separase, also known as cording to this model, once encountering a cohesin
separin, a protease that cleaves one of the cohesin com- complex-bound region (Figure 1A), the replicative DNA
plex subunits to dissolve cohesion; and securin, a sepa- polymerase and its sliding clamp would dissociate and
rase binding protein that not only prevents separase’s be replaced by Pol  and its associated sliding clamp
premature activation, but also has a positive role in sep- (PCNA or another, yet unidentified complex), in an RF-
arase function. Ccohesion-dependent process (Figure 1B). Coupling Ctf7
to this specialized polymerase would not only ensure
that cohesion takes place soon after the DNA is repli-1 Correspondence: ornacf@helix.nih.gov
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Figure 1. A Speculative Mechanism for How
the Establishment of Cohesion May Be Cou-
pled to DNA Replication.
See text and Mayer et al., 2001; Wang et al.,
2000 for more details.
cated (Figure 1C), but would also target Ctf7 to the sites brate homolog of Scc1, the Rad21 protein, is cleaved
by separase, resulting in sister chromatid separationwhere cohesin complexes are already bound. Needless
to say, other models explaining the involvement of DNA (Waizenegger et al., 2000). In fission yeast, Rad21 is
cleaved, but the cohesin complex remains associatedreplication in the establishment of sister chromatid co-
hesion can be envisioned. with centromeric DNA throughout anaphase (Tomonaga
et al., 2000). In this case, it is assumed that Rad21 cleav-Dissolution of Cohesion
Because the cohesin complex physically links the two age alone is sufficient to trigger sister chromatid separa-
tion. Regardless of the mechanism, one of the keysister chromatids, at anaphase this complex must either
fall apart or dissociate from the DNA. Both of these events in triggering dissolution of cohesion is the proteo-
lytic cleavage of Scc1/Rad21 by separase.processes take place, with different organisms em-
ploying slightly different approaches. In budding yeast, Separase
Separase belongs to a family of cysteine proteases thatthe binding of the cohesin complex at centromeres and
along chromosome arms is maintained until the onset also includes the caspases. Several lines of evidence
strongly suggest that separase itself is the Scc1 prote-of anaphase, when the cohesin subunit Scc1 is cleaved
by the Esp1 protease, also known as separase or separin ase (Uhlmann et al., 2000, and references therein). In
budding and fission yeast, separase activity is essential(see below). This leads to the dissociation of two cohesin
subunits, Scc1 and Scc3, from the DNA, resulting in for viability and Scc1 cleavage is essential for anaphase
initiation. Although separase may have additional func-sister chromatid separation (Figure 2). The larger of the
Scc1 cleavage products is itself subjected to protein tions, the cleavage of Scc1 alone is sufficient to initiate
anaphase (Uhlmann et al., 2000). Thus, to avoid prema-degradation via the N-rule degradation pathway (Rao et
al., 2001). This process is essential for removing the ture anaphase initiation, separase activity and Scc1
cleavage must be tightly regulated. Indeed, cells go toScc1 cleavage product that might otherwise interfere
with cohesion establishment and/or dissolution in the great lengths to ensure the precise timing of separase
activation. One of the regulators of this process isnext cell cycle. In flies and vertebrates, most of the arm
cohesion is lost in a separase-independent manner well securin.
Securin the Inhibitorbefore anaphase initiation, leaving centromeric cohe-
sion as the sole region of attachment between the two The first securins to be identified were the Cut2 and
Pds1 proteins from fission yeast and budding yeast,sisters. As in yeast, at the onset of anaphase, the verte-
Figure 2. The Regulation of Sister Chromatid
Separation as It Occurs in Budding Yeast
Important differences between yeast and
higher eukaryotes should be noted: (1) Bud-
ding yeast do not undergo nuclear envelope
breakdown; (2) the requirement for securin in
separase localization has only been demon-
strated in yeast; (3) in metazoans, arm cohe-
sion is dissolved well before metaphase, in a
securin-independent process; and (4) it re-
mains to be determined whether in organisms
other than budding yeast, Scc1 is phosphory-
lated by polo-like kinases.
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respectively (reviewed in Zachariae and Nasmyth, 1999). viability. A similar conclusion was reached by Mei et al.
(2001), who generated securin null mice that appear toBoth proteins are degraded at the metaphase to ana-
phase transition via ubiquitin-mediated proteolysis in a be normal, at least up to 4 weeks of age. Interestingly,
while Jallepali et al. observed that abolishing securinprocess that involves the activity of the ubiquitin ligase
anaphase promoting complex/cyclosome (APC/C). The activity in the human colorectal cell line led to severe
defects in anaphase, Mei et al. report that mouse embry-name securin was coined much later, but the role of
Cut2 and Pds1 in inhibiting anaphase initiation became onic fibroblasts lacking securin show no mitotic abnor-
malities. The reason for this difference is not known, butapparent when nondegradable forms were expressed;
in both cases, all aspects of anaphase initiation were it is possible that redundant functions and/or additional
regulatory mechanisms, which may be tissue or devel-completely blocked. The degradation of these proteins
is controlled by the spindle assembly checkpoint, which opmental stage specific, are also involved in controlling
the timely execution of anaphase.inhibits APC/C activity until all chromosomes have
formed bipolar spindle attachments (Figure 2, prometa- Securin the Activator
If the sole function of securins were to inhibit separases,phase). Interestingly, although Pds1 and Cut2 share a
resemblance in the clustering of acidic and basic amino one would expect that the absence of securin would
cause a “hyper separase” phenotype, resulting in pre-acids, they share no detectable sequence homology.
Hence, it was impossible to identify securins in other mature separation of sister chromatids. However, the
opposite is true; in yeast, fly, and human cells, the ab-organisms based on sequence homology alone.
The targets of securins in budding and fission yeast sence of securin leads to failure in sister chromatid sepa-
ration, much like the phenotype observed when sepa-are the Esp1 and Cut1 proteins respectively, later to
become known as separases (reviewed in Zachariae rase is inactivated. This led to the proposal that securins
play both negative and positive roles in regulating sepa-and Nasmyth, 1999). It was assumed that Pds1 and Cut2
prevent premature anaphase initiation by “securing” rase activity. Indeed, in both budding and fission yeast,
securin is involved in the proper localization of separase.separase activation, and hence the name securin. Aside
from the insight into anaphase regulation, this observa- In fission yeast, the separase Cut1 is cytoplasmic during
interphase and nuclear during mitosis, localizing to bothtion paved the way for the identification of additional
securins. In both yeasts, the C terminus of securin inter- the spindle and spindle poles (Kumada et al., 1998).
Similar observations were made recently with the bud-acts with the nonconserved N terminus of separase
(Jensen et al., 2001; Kumada et al., 1998). However, the ding yeast separase Esp1 (Jensen et al., 2001). Remark-
ably, in the absence of securin, neither Cut1 nor Esp1C terminus of separase is conserved. Based on this
sequence homology, Zou et al. isolated the vertebrate entered the nucleus efficiently (Jensen et al., 2001; Ku-
mada et al., 1998). Conversely, when Esp1 was fusedseparase and used it to biochemically purify the verte-
brate securin (Zou et al., 1999). Similar to their fungal to a strong nuclear localization signal (NLS), the require-
ment for securin in promoting Esp1’s activity was par-counterparts, vertebrate securins from human and Xen-
opus are degraded at the metaphase to anaphase transi- tially alleviated (Jensen et al., 2001). This scheme exem-
plifies a simple yet effective way for ensuring timingtion in an APC/C-dependent manner, and nondegrad-
able forms of these proteins block anaphase initiation. of sister chromatid separation: separase can get to its
appropriate site of action before metaphase, but only ifThere is virtually no sequence similarity between verte-
brate and yeast securins, and even the divergence be- coupled to its inhibitor, thus avoiding a mitotic catastro-
phe that would ensue from premature sister chromatidtween human and frog securins is unusually high (Zou
et al., 1999). More recently, based on its mutant pheno- separation (Figure 2, G2 and prometaphase).
An important difference between mitotic progressiontype, a Drosophila securin was identified (Leismann et
al., 2000). This securin, called pimples (PIM), shares no in yeast and metazoans is that the latter undergo nuclear
envelope breakdown as cells enter mitosis, and thus asequence homology with either yeast or vertebrate sec-
urin, but it appears to be playing an identical regulatory role for securin in the nuclear localization of separase
may not apply, although targeting to subnuclear struc-role. Interestingly, Pim interacts with a novel protein,
three rows, which does not resemble the known separ- tures is still possible. Jallepali et al. (2001) noted that
in the absence of securin, the levels of separase areases (Leismann et al., 2000). It remains to be determined
whether three rows is a novel securin target or part of significantly lower and the activity of separase isolated
from these cells is much reduced, suggesting that sec-an unusual securin-separase complex.
The human securin (hSecurin) turned out to be identi- urin may directly affect the activity or stability of sepa-
rase. The precise mechanism by which securin affectscal to the protein encoded by Pituitary Tumor Trans-
forming Gene (PTTG) (Zou et al., 1999). hSecurin is separase function in metazoans remains to be deter-
mined.abundantly expressed in several neoplasms and its over-
expression leads to transformation of NIH 3T3 cells. Additional Levels of Regulation
In budding yeast and mammalian cells, securin appearsTo examine the role of hSecurin in vivo, Jallepali et
al. knocked out both copies of the gene in a human not to be essential for viability. Even more perplexing is
that the absence of securin does not result in prematurecolorectal cancer cell line (2001). Cells lacking both
hSecurin copies were viable, albeit with a slower growth separation of sister chromatids. In search of other regu-
latory mechanisms that may restrict the timing of sisterrate, but they exhibited gross defects in executing
proper chromosome segregation and had an extremely chromatid separation, Alexandru et al. turned to the
observation that in various organisms, Scc1/Rad21 ishigh rate of chromosome loss. Nonetheless, the ability
to generate a human cell line completely lacking securin cleaved more efficiently when it is phosphorylated (Alex-
andru et al., 2001, and references therein). In buddingactivity suggests that hSecurin may not be essential for
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yeast, a candidate kinase for this phosphorylation reac- tion pathway). There is little doubt that anaphase is
tion is the polo-like kinase Cdc5. Mammalian polo-like meant to be an irreversible process.
kinases were shown to be involved in various mitotic
Selected Readingfunctions including APC/C activation, regulation of mi-
totic entry, and the formation of a bipolar spindle (re-
Alexandru, G., Uhlmann, F., Mechtler, K., Poupart, M., and Nasmyth,
viewed in Glover et al., 1998). While mammalian cells K. (2001). Cell 105, 459–472.
have several polo-like kinases, in budding yeast, Cdc5 Donaldson, M.M., Tavares, A.A., Ohkura, H., Deak, P., and Glover,
is the only one. Consistent with a role in promoting sister D.M. (2001). J. Cell Biol. 153, 663–676.
chromatid separation, strains carrying mutations in Glover, D.M., Hagan, I.M., and Tavares, A.A. (1998). Genes Dev. 12,
Cdc5 show reduced levels of Scc1 cleavage, retain a 3777–3787.
significant amount of Scc1 on chromosomes during ana- Hanna, J.S., Kroll, E.S., Lundblad, V., and Spencer, F.A. (2001). Mol.
phase, and exhibit a small but significant delay in sister Cell. Biol. 21, 3144–3158.
chromatid separation (Alexandru et al., 2001). In addi- Hirano, T. (2000). Annu. Rev. Biochem. 69, 115–144.
tion, the human homolog of Cdc5, Plk1, is capable of Jallepalli, P.V., Waizenegger, I.C., Bunz, F., Langer, S., Speicher,
phosphorylating Scc1 in vitro (Alexandru et al., 2001). M.R., Peters, J., Kinzler, K.W., Vogelstein, B., and Lengauer, C.
(2001). Cell 105, 445–457.The Cdc5 phosphorylation sites map to serines in the
two separase recognition sequences of Scc1. Con- Jensen, S., Segal, M., Clarke, D.J., and Reed, S.I. (2001). J. Cell Biol.
152, 27–40.verting these serines to alanines reduced the levels of
Kumada, K., Nakamura, T., Nagao, K., Funabiki, H., Nakagawa, T.,Scc1 cleavage by separase, but it cannot be excluded
and Yanagida, M. (1998). Curr. Biol. 8, 633–641.that these amino acid changes also affected separase’s
Leismann, O., Herzig, A., Heidmann, S., and Lehner, C.F. (2000).affinity for Scc1. Nonetheless, these results suggest that
Genes Dev. 14, 2192–2205.in budding yeast, Scc1 phosphorylation by Cdc5 con-
Mayer, L.M., Gygi, S.P., Aebersold, R., and Hieter, P. (2001). Mol.tributes to efficiency of Scc1 cleavage. If this process
Cell 7, 959–970.were essential for sister chromatid separation, one
Mei, J., Huang, X., and Zhang, P. (2001). Curr. Biol., in press.would expect to find cdc5 mutants that block anaphase
Rao, H., Uhlmann, F., Nasmyth, K., and Varshavsky, A. (2001). Natureinitiation. Consistent with this possibility, in Drosophila,
410, 955–959.there are polo mutants that arrest in metaphase with
Skibbens, R.V., Corson, L.B., Koshland, D., and Hieter, P. (1999).unseparated sister chromatids (Donaldson et al., 2001).
Genes Dev. 13, 307–319.Whether this metaphase arrest can be attributed to a
Tomonaga, T., Nagao, K., Kawasaki, Y., Furuya, K., Murakami, A.,defect in Scc1 cleavage remains to be examined.
Morishita, J., Yuasa, T., Sutani, T., Kearsey, S.E., Uhlmann, F., et al.
Separase’s activity may also be regulated by protein (2000). Genes Dev. 14, 2757–2770.
modification. Various cysteine proteases have been Toth, A., Ciosk, R., Uhlmann, F., Galova, M., Schleiffer, A., and Na-
shown to undergo self-cleavage, and cleaved forms of smyth, K. (1999). Genes Dev. 13, 320–333.
separase have been observed in vertebrates (Waizeneg- Uhlmann, F., Wernic, D., Poupart, M.A., Koonin, E., and Nasmyth,
ger et al., 2000). How important separase cleavage is K. (2000). Cell 103, 375–386.
for controlling its function is not known, and ultimately Waizenegger, I.C., Hauf, S., Meinke, A., and Peters, J.M. (2000). Cell
one would like to test whether abolishing this cleavage 103, 399–410.
has any effect on separase’s function. In addition, the Wang, Z., Castano, I.B., De Las Penas, A., Adams, C., and Christman,
enzymatic activity of separase itself may also be sub- M.F. (2000). Science 289, 774–779.
jected to regulation by protein modification. Taken to- Zachariae, W., and Nasmyth, K. (1999). Genes Dev. 13, 2039–2058.
gether, the dissolution of sister chromatid cohesion may Zou, H., McGarry, T.J., Bernal, T., and Kirschner, M.W. (1999). Sci-
be controlled by separase localization, separase inhibi- ence 285, 418–422.
tion by securin, Scc1 phosphorylation, and separase
modification. It appears that cells take anaphase initia-
tion very seriously.
Final Notes
The picture that emerges from recent studies is that of
an intricate regulatory network, the purpose of which is
to ensure that sister chromatids go their separate ways
during anaphase. The more we know about the process,
the more challenging our next questions become. Spe-
cifically, we need to understand how replication is linked
to cohesion establishment, what are the various regula-
tory mechanisms that govern the timely execution of
anaphase initiation, and what is the molecular basis for
the dual role of securin in regulating separase activity
in various organisms. Apart from the complexity of this
process, one cannot but marvel at the extensive use of
proteolysis in driving anaphase initiation. At least three
types of protein degradation are involved in separating
sister chromatids: that of securin (mediated by APC/C-
dependent ubiquitination), that of Scc1 and possibly
separase (mediated by separase), and that of the Scc1
cleavage product (mediated by the N-end rule degrada-
